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I n t r o d u c t i o n  

I n  producing envi ronmenta l ly  a c c e p t a b l e  f u e l s  by c o a l  l i q u e f a c t i o n ,  t h e  removal 
of  o r g a n i c  s u l f u r -  and n i t r o g e n - c o n t a i n i n g  components from such coa l -der ived  l i q u i d s  
poses  a s e r i o u s  problem. E x i s t i n g  d e s u l f u r i z a t i o n  and d e n i t r o g e n a t i o n  methods gen- 
e r a l l y  r e q u i r e  e l e v a t e d  t e m p e r a t u r e s ,  h i g h p r e s s u r e s  of hydrogen and t h e  use  of  
heterogeneous c a t a l y s t s .  I f  e f f i c i e n t  methods f o r  he te roa tom removal could  b e  found, 
which are o p e r a t i v e  a t  lower t e m p e r a t u r e s  and p r e s s u r e s ,  then  a s i g n t f i c a n t  sav ing  
i n  p r o c e s s  equipment and energy  might  b e  r e a l i z e d  i n  p r e p a r i n g  c l e a n  f u e l s  from c o a l .  

I n  order  t o  d e s i g n  such improved d e s u l f u r i z a t i o n  and d e n i t r o g e n a t i o n  methods 
f o r  coal-der ived l i q u i d s ,  i t  i s  i m p o r t a n t  t o  l e a r n  about  t h e  exper imenta l  f a c t o r s  
t h a t  f o s t e r  t h e  c leavage  o f  c a r b o n - s u l f u r  and carbon-n i t rogen  bonds under  mild 
c o n d i t i o n s  (1). We have sought  r e a g e n t s  o r  c a t a l y s t s  t h a t  can  c l e a v e  such  bonds 
a t  atmospheric  p r e s s u r e ,  i n  t h e  t e m p e r a t u r e  range  of 25-125OC and i n  homogeneous 
media. The r e a g e n t s  chosen have been m e t a l  complexes of n i c k e l ,  c o b a l t ,  i r o n  and 
molybdenum, which a r e  m i s c i b l e  i n  o r g a n i c  s o l v e n t s ,  such  a s  t e t r a h y d r o f u r a n  and 
t o l u e n e .  A s  a reducing  a g e n t  o r  hydrogen s o u r c e ,  we have  employed t h e  t r a n s i t i o n  
m e t a l  complex i t s e l f ,  i n  a s u b v a l e n t  s ta te ,  o r  a m e t a l  h y d r i d e ,  such  a s  LiAlHb, 
R z A l H  o r  NaA1Et2H2. 

Before a p p l y i n g  such  r e a g e n t s  t o  coa l -der ived  l i q u i d s ,  w e  have e v a l u a t e d  
t h e i r  d e s u l f u r i z i n g  o r  d e n i t r o g e n a t i n g  a c t i o n  on a v a r i e t y  of  model compounds, 
whose s t r u c t u r e s  are s i m i l a r  t o  t h o s e  of  o r g a n o s u l f u r  o r  organoni t rogen  components 
found i n  c o a l  l i q u e f a c t i o n  p r o d u c t s .  The p r i n c i p a l  model s u l f u r  compounds under  
s t u d y  have been d ibenzoth iophene  (L), p h e n o t h i a z i n e  (z), phenoxath i in  (A), t h i a n -  
t h r e n e  (A), a r y l  mercaptans (3) , d i b e n z y l  s u l f i d e  (6) and d ibenzyl  d i s u l f i d e  (I). 
In our  d e n i t r o g e n a t i o n  s t u d i e s ,  which a r e  i n  a v e r y  e a r l y  s t a g e ,  we have  chosen 
c a r b a z o l e  (E), i n d o l e  (2) and q u i n o l i n e  (10) d e r i v a t i v e s  as model n i t r o g e n  compounds. 

I n  t h e  p r e s e n t  a r t i c l e  we wish  t o  d i s c u s s ,  i n  d e t a i l ,  o u r  f i n d i n g s  on  how 
e f f i c i e n t l y  n i c k e l ( 0 )  or c o b a l t ( 1 )  complexes can  d e s u l f u r i z e  d ibenzoth iophene  i n  
t e t r a h y d r o f u r a n  s o l u t i o n  a t  55OC. 
f a v o r i n g  the  c leavage  of carbon-su l fur  bonds. 
mechanism f o r  d e s u l f u r i z a t i o n  should  prove  h e l p f u l  i n  d e s i g n i n g  more a c t i v e  and 
e f f i c i e n t  d e s u l f u r i z i n g  a g e n t s  f o r  c o a l  l i q u i d s  (2) .  

EXPERIMENTAL 

T h i s  s t u d y  h a s  provided  i n s i g h t  i n t o  t h e  f a c t o r s  
Our unders tanding  of t h e  r e a c t i o n  

S t a r t i n g  Materials 
The organic  s u l f u r  compounds were o b t a i n e d  commercial ly  i n  a good g r a d e  of  

p u r i t y  o r  were s y n t h e s i z e d  by known procedures  and were r e c r y s t a l l i z e d  o r  p u r i -  
f i e d  by column chromatography, u n t i l  t h e i r  m e l t i n g  p o i n t s  and s p e c t r a  accorded  
w i t h  l i t e r a t u r e  v a l u e s .  B i s  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  and 1 ,5-cyc looc tad iene  
(3-cyc looc tenyl )  c o b a l t  ( I )  were prepared  by m o d i f i c a t i o n s  of  r e p o r t e d  methods ( 3 , 4 )  ; 
commercial 2 , Z ’ b i p y r i d y l  was r e c r y s t a l l i z e d  from e t h y l  acetate t o  c o n s t a n t  m.p. 
of 71-73OC; t e t r a h y d r o f u r a n  and t o l u e n e  were p u r i f i e d  by h e a t i n g  a t  r e f l u x  o v e r  
sodium-potassium a l l o y  i n  t h e  p r e s e n c e  of some benzophenone. 

General  Techniques 

n i c k e l  complexes and t h e i r  r e a c t i o n  p r o d u c t s  were conducted under a n  atmosphere 
A l l  manipula t ions  involved  i n  t h e  p r e p a r a t i o n ,  s t o r a g e a n d  t r a n s f e r  o f  organo- 
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Of d r y  and oxygen-f ree argon.  
used i n  the  s e p a r a t i o n  and i d e n t i f i c a t i o n  of  t h e  r e a c t i o n  products  has  been des-  
c r i b e d  elsewhere ( 5 ) .  

The chromatographic  and s p e c t r a l  i n s t r u m e n t a t i o n  

Typica l  React ion Procedure 
A p a l e  yellow s o l u t i o n  

15 m l  o f  THF under a n  a rgon  
of  3 . 3  mmol o f  b i s  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  i n  
a tmosphere w a s  t r e a t e d  w i t h  3 . 3  mmol o f  2 , 2 ' - b i p y r i d y l  - 

i n  5 m l  Of THF, whereupon t h e  s o l u t i o n  t u r n e d  t h e  v i o l e t - b l u e  c o l o r  of t h e  2,2'- 
b i p y r i d y l  (1 ,5-cyc looc tad iene)  n i c k e l ( 0 )  complex. The s o l u t i o n  w a s  then  t r e a t e d  
w i t h  1.6 mmol of t h e  s u l f u r  compound and t h e  tempera ture  main ta ined  between 4OoC and 
70°C f o r  24 t o  48 h .  The r e a c t i o n  m i x t u r e  was worked up i n  one of  two ways: e i t h e r  
g l a c i a l  a c e t i c  a c i d  w a s  added and t h e  mixture  s t i r r e d ;  o r  powdered LiAlH4 was added 
and t h e  mixture  a l lowed t o  s t i r  f o r  a t i m e .  
w a t e r  and e t h y l  e t h e r  was fo l lowed by s e p a r a t i n g  t h e  o r g a n i c  l a y e r ,  n e u t r a l i z i n g  i t ,  
if n e c e s s a r y ,  wi th  aqueous NaHC03 s o l u t i o n  and d r y i n g  o v e r  anhydrous Na2SOb. 
Removal of t h e  s o l v e n t  gave a r e s i d u e  t h a t  w a s  ana lyzed  by chromatographic  and 
s p e c t r a l  means. 

I n  e i t h e r  case, c a u t i o u s  a d d i t i o n  of 

I n  t h o s e  r e a c t i o n s  where a combinat ion of t h e  Ni(0)  or Co(1) complex and 
LiAlH4 was  used f o r  d e s u l f u r i z a t i o n ,  t h e s e  components were al lowed t o  i n t e r a c t  wi th  
each o t h e r  f o r  30 min. b e f o r e  t h e  o r g a n o s u l f u r  compound was added. 

RESULTS 

D e s u l f u r i z a t i o n  
Treatment of s u l f u r  h e t e r o c y c l e s  2-5 w i t h  two e q u i v a l e n t s  of a 1:l m i x t u r e  of 

b i s  (1 ,5-cyclooctadiene)  n i c e k l ( 0 )  [(COD)2Ni] and 2 ,2-b ipyr idyl  [bipy] g i v e s ,  upon 
work-up wi th  a c i d  or LiA1H4, p r e p o n d e r a n t l y ,  t h e  d e s u l f u r i z e d ,  r i n g - c o n t r a c t e d  
h e t e r o c y c l e s  60-70%, Equat ion 1 ) .  I n  c o n t r a s t ,  d ibenzoth iophene  (1) produced b i -  
phenyl  (11) i n  50% y i e l d  by work-up w i t h  g l a c i a l  a c e t i c  a c i d  b u t  i n  90% y i e l d  by 
work-up wi th  LiA1H4 (Equat ion 2 ) :  

E = O,NH,S 

11 - 
1: E = 0-bond 
2: E = NH 
3:  E = O  
4 : E = S  

- 
- 
- 
- 

1. Amine A c t i v a t i o n .  The c o n t a c t  of ( C O D ) Z N i  a l o n e  wi th  d ibenzoth iophene  
i n  warm THF causes  l i t t l e  or no d e s u l f u r i z a t i o n .  The a c t i o n  of  two e q u i v a l e n t s  
each of  (COD)2Ni and a n  amine b r i n g s  about  maximum d e s u l f u r i z a t i o n ,  under  t h e  
c o n d i t i o n s  and work-up procedure  g iven  i n  Equat ion 2 .  The i n f l u e n c e  of  t h e  amine 
R3N,  on t h e  e x t e n t  of d e s u l f u r i z a t i o n  is p r e s e n t e d  i n  T a b l e  I .  
t h a t  b i p y r i d y l  (12) is  t h e  most e f f e c t i v e  amine, s i g n i f i c a n t l y  s u p e r i o r  t o  
phenanthro l ine  (E). S i n c e  p h e n a n t h r o l i n e  has  a r i g i d l y  p l a n a r  s t r u c t u r e ,  e n t r o p y  
f a c t o r s  should be less than  w i t h  12. P o s s i b l y ,  however, t h e  i n c r e a s e d  back-bonding 
from n i c k e l  complexed w i t h  13 c a u s e s  t h e  n icke l -phenanthro l ine  complex t o  t r a n s f e r  
e l e c t r o n s  fo t h e  o r g a n o s u l f u r  s u b s t r a t e  less r e a d i l y .  In a d d i t i o n ,  t h e  g r e a t e r  
b a s i c i t y  of t h e  amine is impor tan t  (cf. 4-dimethylaminopyridine and p y r i d i n e ) ,  as 
i s  s t e r i c  h indrance  a t  t h e  n i t r o g e n  (cf. e thylenediamine  and t e t r a m e t h y l e t h y l e n e -  
d iamine) .  

I t  is noteworthy 

1 2  - 

I 

13 - 
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TABLE I 

Desulfurization of Dibenzothiophene by (COD)?Ni and an Amine 

Amine Yield of Biphenyl (%) 

2,2'-Bipyridyl 
4-Dimethylaminopyridine 
Ethylenediamine 
1,lO-Phenanthroline 
Pyridine 
Hexamethylphosphorus triamide 
N,N,N',N'-Tetramethylethylenediamine 
1,8-Bis-dimethylaminonaphthalene 
N,N'-Dimethylpiperazine 
No amine added 

45 
21 
17 
16 
14 
14 
8 
7 
4 
1 

Conditions: 55OC for 48 h with 2 equiv. of (COD)zNi, 
work-up of HOAc 

2. Coordination at the Nickel Atom. When oneequivalent of dibenzothio- 
phene is heated with one equivalent each of (C0D)zNi and bipyridyl under the 
conditions given above, only 11% of biphenyl is formed. Moreover, when a 1:2:2 
mixture of dibenzothiophene, (COD)2Ni and bipyridyl (cf. supra) is augmented by 
one or more additional equivalents of bipyridyl, the conversion to biphenyl falls 
from 45% (Table I) to under 10%. Thus, two equivalents of the nickel(0) complex 
whose metal centers have available coordination sites, seem best-suited for a 
facile reaction with dibenzothiophene. 

It is known that (COD)2Ni and bipyridyl react to form (COD)Ni(bipy) (14) (6) 
From the above results, then, it is suggested that 14 complexes with 1: to yield 
(1) Ni(bipy); any additional12 could compete with 1: for 3. 

3 .  Intermediates in Desulfurization. The rupture of the carbon-sulfur bond 
can be represented as an oxidative addition by nickel(O), whereby nickel(II), both 
as NiS and as Is, is formed. Evidence for these products is the following: a) 
nickel(I1) sulfide manifests itself as a black precipitate as the reaction proceeds; 
this precipitate dissolves in glacial acetic acid or rather concentrated aqueous HC1 
to evolve H2S; and b) evidence for organonickel intermediates, such as 15, comes 
from work-up of the reaction with 0-deuterioacetic acid; the resulting biphenyl con- 
tained 42% of 2,2'-dideuteriobiphenyl, 28% of 2-deuteriobiphenyl and 29% of un- 
deuterated biphenyl (equation 3 ) .  The deuterated biphenyls point to the presence 
of 2 and 16, respectively. 

rJiL 

1 - 
dipy 
15 - 16 - 

Thus, about half the biphenyl's ortho positions were bonded to nickel pri'or to pro- 
tolysis; prior to work-up, the other half had acquired protons,presumably from the 
solvent, tetrahydrofuran. 

4. Effect of Substituents on the Ease of Desulfurization.. To learn the ef- 
fect of substituents, we first attempted to conduct competition experiments between 
dibenzothiophene and individual substituted derivatives. However, complexation of 
the nickel caused mutual retardation of desulfurization and low conversion even for 
dibenzothiophene itself. Consequently, we had to resort to a comparison of the 
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extents of desulfurization for individual compounds under our standard conditions 
(2 equiv. of (C0D)ZNi in THF for 48h at 55'~). 
From these data we can conclude that methyl groups markedly retard the desulfuriza- 
tion: the retardation is greatest with methyl groups at the 3- and 7-positions, 
and one methyl group at the 2-position is about as retarding as methyl groups at 
both the 2- and 8-positions. 

The results are given in Table 11. 

When these desulfurization reactions were worked up with 0-deuterioacetic acid, 
the resulting biaryls were significantly less deuterated when methyl groups were 
attached t o  the ring. 
gave 3,3'-bitolyl that was 7.8% dideuterated, 1.3% mono deuterated and 90.9% un- 
deuterated. 
that was 2.9% dideuterated, 23.8% monodeuterated and 73.3% undeuterated. 

Thus, work-up of the 2,8-dimethyldibenzothiophene reaction 

Similar work-up of 2-methyldibenzothiophene gave 3-methylbiphenyl 

TABLE I1 

Desulfurization of Dibenzothiophenes by (COD)7Ni and Bipyridyl 

Yield of Substituted 
Compound Biphenyl (%) 

Parent DBT (L) 
2,8-Dimethyl DBT 
2-Methyl DBT 
3,7-Dime thy1 DBT 

45 
12 
12 
< 5  

The decreasing eafie with which methylated dibenzothiophenes undergo desul- 
furization is consistent with the importance of  electron transfer. 

\ Hydrodesulfurization 
An even more potent desulfurizing agent resulted from combining (COD)ZNi, 

bipyridyl and LiAlH,,. 
combination into open-chain products, namely biphenyl, diphenylamine, diphenyl 
ether and benzene respectively (cf. Equation 1). 

1. Amine Activation. Dibenzothiophene in tetrahydrofuran was treated at 
55OC €or 48 h with two equivalents each of (COD)ZNi, LiAlHk and the amine. 
yields of biphenyl obtained after protolytic work-up are listed in Table 111. 
From these results it is clear that the LiAlHq-containing reagent is a more power- 
ful desulfurizing agent that the combination of (C0D)ZNi and an amine alone. With 
LiAlH4 present, the activity of the reagent is not so sensitive to the nature of 
the amine. Although bipyridyl again activates most strongly, most of the amines 
show a comparably good activation. 

All the sulfur heterocycles L-5 were converted by this 

The 

TABLE I11 

Desulfurization of Dibenzothiophene by (COD)?Ni, LAH and an Amine 

- Amine Yield of Biphenyl (%) 

2,2'-Bipyridyl 
Ethylenediamine 
Hexamethylphosphorus triamide 
N,N,N',N'-Tetramethylenethylenediam€ne 
Pyridine 
N,N'-Dimethylpiperazine 
1,lO-Phenanthroline 
4-Dimethylaminopyridine 

93 
91 
86 
79 
75 
74 
67 
51 

2. Labeling Studies. To learn something about the intermediates 
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i nvo lved  i n  these d e s u l f u r i z a t i o n s ,  deuter ium-labe led  h y d r i d e  and p r o t o n  sources  
were used. When LiAlD4 was employed and work-up invo lved  o r d i n a r y  a c e t i c  a c i d ,  
t h e  r e s u l t i n g  b ipheny l  w a s  14% d i d e u t e r a t e d ,  25% monodeuterated and 60% undeuter -  
a t e d .  When LiAlH4 was used b u t  t h e  work-up employed 0 - d e u t e r i o a c e t i c  a c i d ,  t h e  
b ipheny l  ob ta ined  c o n s i s t e d  of 94% undeu te ra t ed ,  2% monodeuterated and 3% d ideu te r -  
a t e d  product .  The re fo re ,  on ly  about  4% of t h e  b i p h e n y l  acqu i r ed  i t s  p ro ton  from 
CH3COOD; and abou t  22% o f  t h e  b ipheny l  ob ta ined  i t s  hydrogen from t h e  LiAlH4. 
Accord ingly ,  a b o u t  15% of t h e  b i p h e n y l  ob ta ined  its hydrogen from t h e  r e a c t i o n -  
medium, presumably from t h e  t e t r a h y d r o f u r a n .  

3. D e s u l f u r i z a t i o n  w i t h  N i c k e l ( I 1 )  S a l t s  and Meta l  Hydr ides .  I n  a t t empt s  t o  
g e n e r a t e  in s i t u  n i c k e l ( 0 )  complexes s u i t a b l e  f o r  d e s u l f u r i z a t i o n ,  two equ iva len t s  
each  of n i c k e l ( I 1 )  a c e t y l a c e t o n a t e  and b i p y r i d y l  were t r e a t e d  w i t h  LiAlH4 o r  
i-BuZAlH. The conve r s ions  of d ibenzoth iophene  t o  b ipheny l  ranged from 35-40%. 
Thus,  a modera te ly  a c t i v e  d e s u l f u r i z i n g  a g e n t  can  b e  g e n e r a t e d  i n  s i t u .  

4 .  Cobal t  Complexes. The hydrocarbon-so luble  complex, 1 ,5 -cyc looc tad iene  
(3 -cyc looc teny l ) coba l t  (E), w a s  s y n t h e s i z e d  and i t s  a c t i o n  on d ibenzoth iophene  
s t u d i e d  (Table IV).  From t h i s ,  w e  conclude  t h a t  COD(CeH13)Co w i t h  b i p y r i d y l  is 
n o t  as e f f e c t i v e  as (C0D)ZNi w i t h  b i p y r i d y l .  
b ined  w i t h  LiA1H4 i s  a s  good a s ,  even p o s s i b l y  b e t t e r  t h a n ,  (COD)2Ni w i t h  LiA1H4. 
Fur thermore ,  w i t h  t h e  c o b a l t  complex, b i p y r i d y l  is  n o t  necesa ry  and i n  f a c t  r e t a r d s  
t h e  d e s u l f u r i z a t i o n .  

On t h e  o t h e r  hand ,  COD(C8H13)Co com- 

TABLE I V  

D e s u l f u r i z a t i o n  o f  Dibenzoth iophene  withCOD (CRH, ?) Co 

Reagent Cond i t ions  Y i e l d  of Biphenyl  (%) 

COD(C8H13)Co 1 equ iv .  5 
COD(C,H13)Co 2 equ iv .  10 
COD(C8H13(Co 1 equ iv .  + b i p y r i d y l  10 
COD(C8H13)Co 2 e q u i v .  + 2 equ iv .  of b i p y r i d y l  18 
COD(C8H13)Co 1 equ iv .  + 1 equ iv .  each  of 60 

COD(C8H13)Co 2 equ iv .  + 2 equ iv .  each  of 87 
b i p y r i d y l  and LIAlH,, 

b i p y r i d y l  and LiAlH4 
COD(CaH13)Co 2 equ iv .  + 2 equ iv .  L i A l H 4  97 

5.  Other Metals. Thus f a r ,  cyc lopen tad ieny l  d e r i v a t i v e s  o f  i r o n ,  t i t a n i u m  and 
molybdenum, when combined wi th  LiAlH,,, show l i t t l e  d e s u l f u r i z i n g  a c t i v i t y  (-5%) 
toward d ibenzoth iophene .  
d i d  y i e l d  -15-20% o f  b ipheny l .  

A combina t ion  of MoC15 and i-Bu2AlH i n  r e f l u x i n g  to luene  

6. Coal-derived L iqu ids .  P re l imina ry  s t u d i e s  on  d e s u l f u r i z i n g  Solvent -  
Refined-Coal l i q u i d s  have  shown t h a t  t h e  (COD) Ni-bipyridyl-LiAlH4 r e a g e n t  i n  THF 
can  r educe  t h e  o r g a n i c  s u l f u r  c o n t e n t  s i g n i f i c a n t l y  (0.5%+9.3%). Reac t ion  condi- 
t i o n s  have  no t  y e t  been opt imized .  

DISCUSSION 

I n  any d i s c u s s i o n  of r e a c t i o n  mechanisms f o r  d e s u l f u r i z a t i o n s  by t h e s e  n i c k e l  
r e a g e n t s ,  it is c l e a r  t h a t  d i f f e r e n t  pathways must be proposed f o r  t h e  c y c l i z i n g  
d e s u l f u r i z a t i o n  (Equat ion  1) and t h e  h y d r o d e s u l f u r i z a t i o n  p rocesses  (Equat ion  2 ) ,  
r e s p e c t i v e l y .  
cannot  b e  a s s igned  wi th  any conf idence  u n t i l  t h e  s t o i c h i o m e t r y  of  t h e  s e p a r a t e  
r e a c t i o n s  of t h e  hydr ide  w i t h  bo th  (C0D)ZNi and wi th  b i p y r i d y l  h a s  been de termined .  
A p r e l i m i n a r y  s u g g e s t i o n  has  been  pub l i shed  t h a t  t h e  h y d r i d e  and (COD)zNI can  form 

I n  t h e  l a t t e r  r e a c t i o n ,  t h e  r o l e  o f  t h e  l i t h i u m  aluminum hydr ide  
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a Complex of t h e  type ,  Li[H3AINiAIH3], b u t  s u p p o r t i n g  d a t a  are u n a v a i l a b l e  (7). 
For t h e  p r e s e n t ,  t h e r e f o r e ,  a t t e n t i o n  w i l l  be  devoted t o  t h e  hydr ide- f ree  n i c k e l  
r e a g e n t ,  (COD) g N i  and b i p y r i d y l .  

The S t r i k i n g  c o l o r  change when a ye l low s o l u t i o n  of  (COD)2Ni i s  t r e a t e d  w i t h  
b i p y r i d y l  can be a s s i g n e d  t o  t h e  f o r m a t i o n  of t h e  deep b l u e - v i o l e t  2 ,2 ' -bipyridyl  
1 ,5-cyclooctadiene)  n i c k e l ( 0 )  complex (E), as demonstrated by t h e  p r o t o n  magnet ic  
resonance  spectrum of  t h e  complex, which shows o n l y  one  o l e f i n i c  bond c o o r d i n a t e d  
w i t h  t h e  n i c k e l  ( 6 ) .  Complex 3, t h e  a c t i v e  d e s u l f u r i z i n g  a g e n t  i n  t h e  aforemen- 
t i o n e d  processes ,  would appear  t o  f u n c t i o n  i n  many of i t s  r e a c t i o n s  as an e l e c t r o n -  
t r a n s f e r  reagent .  
1) deoxygenat ion of c e r t a i n  epoxides  t o  o l e f i n s  occurs  i n  a n o n s t e r e o s e l e c t i v e  man- 
n e r  (8);  2 )  dehalogenat ion  of  @ , @ , @ - t r i p h e n y l e t h y l  bromide o c c u r s ,  i n  p a r t ,  w i t h  re- 
arrangement  t o  a , @ , @ - t r i p h e n y l e t h y l  r a d i c a l s  (9 ) ;  and 3) t h e  a c c e l e r a t i n g  e f f e c t  of 
donor s o l v e n t s  on t h e  c leavage  r e a c t i o n s  of  14 is i n  accord  w i t h  such  e l e c t r o n  t r a n s -  
f e r  (8). 

S e v e r a l  l i n e s  of ev idence  s u p p o r t  such a mode of a c t i o n  f o r  3: 

I n  t h e  p r e s e n t  d e s u l f u r i z a t i o n  s t u d i e s  t h e  r i n g  c o n t r a c t i o n  observed when phen- 
o x a t h i i n ,  phenoth iaz ine  or t h i a n t h r e n e  is t r e a t e d  w i t h  bipy(C0D)Ni (14) can b e  under- 
s t o o d  as an i n s t a n c e  of  such  e l e c t r o n  t r a n s f e r  (Equat ion 4 ) :  

2-4 

The c leavage  of open-chain s u l f u r  compounds can  a l s o  be viewed i n  terms of  
e l e c t r o n  t r a n s f e r :  by e i t h e r  c leavage  of t h e  d i s u l f i d e  by n i c k e l ( 0 )  o r  by r e a c t i o n  
of  t h e  mercaptan w i t h  n i c k e l ( O ) ,  c a n  b e  formed (Equat ion 5 ) :  

15 - 

+ F u r t h e r  e l e c t r o n  t r a n s f e r  t o  15, fo l lowed by 
c leavage  o f  t h e  weak b e n z y l i c - s u l f u r  bond,  would 
y i e l d  r a d i c a l s  whose combinat ion or hydrogen ab- (CgH5CH2 * )  
s t r a c t i o n  from t h e  medium could  l e a d  t o  t h e  
observed products ,  C G H ~ C H ~ S C H ~ C ~ H ~ ,  C ~ H ~ C H ~ C H ~ C G H ~  and C G H ~ C H ~ .  I n  a n  analogous 
manner, d ibenzyl  s u l f i d e  would b e  expec ted  t o  undergo f a c i l e  c leavage  t o  t h e  
r a d i c a l ,  C ~ H ~ C H Z . ,  v i a  a n  e l e c t r o n - t r a n s f e r - i n d u c e d  s c i s s i o n .  

As mentioned a t  t h e  s t a r t  of  t h i s  s e c t i o n ,  t h e  i l l - d e f i n e d  n a t u r e  of t h e  
(COD) Ni-bipyridyl-LiAIH4 agent  makes any d e t a i l e d  m e c h a n i s t i c  d i s c u s s i o n  of  
i ts a c t i o n  i n a p p r o p r i a t e  a t  t h i s  t i m e .  However, c e r t a i n  c h a r a c t e r i s t i c s  of  t h e  
LiALH4-containing d e s u l f u r i z i n g  a g e n t  are worthy of comment. When LiAID4 is  
employed wi th  14 f o r  d e s u l f u r i z i n g  d ibenzoth iophene ,  no  deuter ium is found i n  t h e  
b i p h e n y l  produced. These r e s u l t s  c l e a r l y  show t h a t  t h e  hydrogen s o u r c e  i n  such  a 
h y d r o d e s u l f u r i z a t i o n  is t h e  medium. 
t r a n s f e r  i n  r e l a t e d  n i c k e l  sys tems,  it is  s u g g e s t e d  t h a t  t r a n s i t o r y  a r y l  r a d i c a l s  
r a p i d l y  a b s t r a c t  hydrogen from t h e  t e t r a h y d r o f u r a n .  

I n  l i g h t  of o t h e r  ev idence  on e l e c t r o n -  

The uni fy ing  f e a t u r e  of t h e s e  d e s u l f u r i z a t i o n  and h y d r o d e s u l f u r i z a t i o n  
p r o c e s s e s ,  t h e r e f o r e ,  appears  t o  be  t h e  o p e r a t i o n  of an e l e c t r o n - t r a n s f e r  mech- 
anism.  The low-valent n i c k e l  o r  c o b a l t  c e n t e r  can  b e  induced t o  t r a n s f e r  e l e c t r o n s  
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t o  t h e  a r o m a t i c  s u l f u r  compound by i n c r e a s i n g  t h e  metal a tom's  e l e c t r o n  d e n s i t y  by 
c o o r d i n a t i n g  h y d r i d e ,  amine o r  e t h e r  donors  t o  i t .  Such e l e c t r o n  t r a n s f e r  then  
sets t h e  s t a g e  f o r  carbon-su l fur  bond s c i s s i o n .  
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